Introduction
Magnetic drug targeting (MDT) is a physically drug delivery approach using drug carrying magnetic nanoparticles (MNP) as nanovehicles to transport the active agent by the forces of external magnetic field gradients [1] . Alongside with the establishment of MDT in sophisticated tumor models magnetic measurement techniques like magnetorelaxometry, AC-susceptibility or remanence measurements have been adopted to quantify and reconstruct MNP accumulations in tissue and thus monitor and validate the MNP targeting success [2] . These measurement techniques take advantage of a specific detection of the magnetic fields from the MNP without any contribution from surrounding tissue. After a MDT application these techniques are used to determine the location, spatial extent and total amount of an MNP accumulation (corresponding to the drug accumulation) from measured magnetic field patterns. For spatially constrained MNP accumulations (the region containing MNP is much smaller than the distance to the detecting sensors) a simple dipole fit is sufficient to determine amount and location of MNP. Here, we present a multipole expansion to represent the magnetic field pattern of a spatially extended MNP distribution. Again, the total MNP amount is given by the magnetic dipole terms, and the centre of MNP mass of the distribution can be determined from combinations of the resulting dipole and quadrupole moments.
Methods
As a result of MDT the (number) concentration of MNP varies over a tissue sample of volume V*. The total volume covered by all MNP magnetic cores is denoted as V. We assume all MNP consist of identical magnetic core material. The classical centre of a mass distributed at points
. (1) Further, the MNP are assumed to exhibit a homogeneous magnetization M = (M x , M y , M z ) over the total MNP core volume V leading to the magnetic induction B B B B
(hereafter briefly denoted as magnetic field) at a point r r r r
where 
where nm A and nm B are the multipole moments incorporating the underlying MNP distribution 
Results
The dipole moments of any spatially extended MNP distribution of arbitrary shape are given by
These moments are proportional to the total MNP mass of the given distribution. The quadrupole moments of the MNP distribution are found to be 
Here,
, I is the identity matrix, and the superscript T indicates matrix transpose. In analogy to [6] The results include the special cases of a point-like MNP accumulation (and a homogeneously magnetized MNP distribution of spherical shape) which can be described solely by magnetic dipole moments with all higher order multipole moments beyond the dipole vanishing for the multipole expansion evaluated at the dipole location. In other words, the occurrence of higher order multipole moments of another multipole expansion conducted at the centre of mass r 0 indicates a spatially extended MNP accumulation.
Discussion
The results demonstrate the general capability of the multipole expansion for the quantitative characterization of spatially extended MNP distributions in tissue. The multipole moments required to describe the measured magnetic field from a MNP distribution can be obtained by a minimum norm estimation procedure. The lowest-order moments, the dipole moments, quantify the total MNP amount in the tissue. Furthermore, the analytical relations derived from dipole and quadrupole moments allow the location of the centre of mass. Finally, redoing the multipole expansion now at the beforehand determined centre of mass position r 0 enables the distinction between extended MNP distributions of arbitrary shape and point-like accumulations.
